Please cite this article as: Hanif M., Mahlia T.M.I., Aditiya H.B., Abu Bakar M.S. Energy and environmental assessments of bioethanol production from Sri Kanji 1 cassava in Malaysia. Biofuel Research Journal 13 (2017) According to the Malaysia's biofuel policy, renewable fuels are crucial for energy sustainability in the transportation sector in the future. This study was aimed to evaluate the potential of bioethanol production from Sri Kanji 1 cassava in Malaysia in terms of energy efficiency and renewability, as well to estimate the potential greenhouse gas (GHG) emissions reduction in CO 2 equivalent. Bioethanol production process from cassava includes cassava farming, ethanol production, and transportation in which the primary energy consumption was considered. The Net Energy Balance (NEB) and Net Energy Ratio (NER) of 25.68 MJ/L and 3.98, respectively, indicated that bioethanol production from Sri Kanji 1 cassava in Malaysia was energy efficient. From the environmental perspective, the GHG balance results revealed that the production and distribution of 1 L of Cassava Fuel Ethanol (CFE) could reduce GHG emissions by 73.2%. Although found promising in the present study, Sri Kanji 1 cassava as bioethanol feedstock should be further investigated by constructing an actual ethanol plant to obtain real life data.
Introduction
The main source of energy in Malaysia was oil until the energy crisis in the late 1970's. This has urged the Malaysian government to search for alternative resources such as natural gas, coal, and hydro. However, since the 1990's, the consumption of fossil-based energy carriers and the consequent CO 2 emissions have been on the rise in Malaysia. Statistically, it is estimated that 97% of the annual total domestic CO 2 emissions comes from fossil fuel consumption. In terms of fuel consumption, transportation sector is a major energy consumer in Malaysia, accounting for nearly 40% of the nation`s energy consumption (Mahlia et . B5 (95% diesel and 5% biodiesel) has been used commercially since July 2011 and the government was set to increase the percentage of biodiesel in the fuel ( Lim and Teong, 2010) . But later the policy of increasing biodiesel inclusion was put on hold.
Another promising energy replacement is bioethanol, a form of liquid fuel which can be produced from biomass and is suitable to replace conventional gasoline. Commonly bioethanol is blended with gasoline and is used in internal combustion engine (ICE) without any engine modifications. Many studies have reported on the use and performance analyses of ethanol as fuel substitute for ICEs (Cooney et al., 2009; Milnes et al., 2010) . The fuel conversion efficiency, brake power, and brake specific fuel consumption of 10% ethanol blend is reportedly similar to that of neat gasoline (Curtis et al., 2008) . Others claimed that the brake thermal efficiency was increased while fuel consumption was decreased when blending gasoline with 20% ethanol compared with neat gasoline (Siddegowda and Ventakesh, 2013) . In terms of greenhouse gas (GHG) emissions, 10% ethanol blend was found to lead to lower emissions in comparison with gasoline (Frazier) . Moreover, the high octane number and high latent heat of vaporization of ethanol could result in excellent anti-knock qualities (Mahlia et al., 2012b) . Schifter et al. (2011) argued that fuel consumption was lower when ethanol was included in gasoline in spite of the less energy content of the fuel blend, suggesting the overall positive effects of ethanol inclusion in gasoline on combustion efficiency.
Bioethanol is generally produced from starch crops by liquefaction and sacharification of starch using alfa-amylase and glucoamylase enzymes. The sugar slurry then undergoes the fermentation process by bacteria, yeast, or other fermenting microorganisms. In Malaysia, energy crops available for ethanol production are rice, corn, and cassava. It should be noted that crops selection for ethanol production is country-specific and depends on factors such as food shortage, production cost, as well as supply and demand. In this study, cassava one of the major Malaysia's food crops which can be planted on marginal land, was selected as bioethanol feedstock. The major advantages of cassava over rice and corn are tolerant to poor environmental conditions, possibility of all year long planting and harvesting, high root productivity, continuous improvements of high yield varieties, less input requirements for planting and harvesting, high quantity and quality of carbohydrates, highest energy content per acre among starchy crops, and high ethanol yield per acre (Kuakoon, 2011) .
In Malaysia, particularly in the transportation sector, bioethanol is yet to be considered as environmentally-friendly fuel and could be instrumental in reducing the country`s reliance on fossil fuels. Net energy balance (NEB) and life cycle assessment (LCA) have been proven to be suitable methods to evaluate the environmental sustainability of biofuels to identify opportunities for environmental efficiency improvements. NEB could also be used to measure the energy effectiveness and efficiency of bioethanol production systems. It is worth quoting that both methods have been widely used to assess a number of bioethanol systems but as expected, the results reported vary. According to a study, the NEB of corn-based bioethanol was greater than 1 (Shapouri et al., 2004) . Positive NEB values indicate that a process is energy efficient. Other feedstocks such as sugarcane, cane molasses, and cassava have also been studied in terms of their NEB and LCA (Dai et al., 2006; Farrell et al., 2006; Kim and Dale, 2006; Leng et al., 2008) . In terms of emissions reduction, a recent study conducted in Belgian found that the production of bioethanol from wheat could reduce GHG emissions by 91% compared with conventional gasoline (Belboom et al., 2015) . In case of cassava bioethanol, emissions reduction stood at around 58% without any energy allocations (Numjuncharoen et al., 2015) .
Recently, Khatiwada et al. (2016) verified that bioethanol production from cane molasses in Indonesia resulted in an NEB of 17.7 MJ/L of ethanol and had a potential to reduce emissions by 67% compared with gasoline. It is worth highlighting that the environmental and energy features of a given bioethanol production process vary due to their dependency on several factors including crop residues, farming practices, and industrial operation and technology. In an effort to improve the performance of cassava, Malaysian Agriculture Research and Development Institute (MARDI) introduced a new cassava variety, i.e., Sri Kanji 1 capable of producing higher root and starch compared with the normal variety of Black Twig. More specifically, Sri Kanji 1 can produce roots up to 92.9 t/ha with a 30.5% starch content (NurulNahar and Tan, 2012). Therefore, Sri Kanji 1 could be considered as a promising bioethanol feedstock worthwhile. Nevertheless, Malaysia is yet to deploy and conduct a complete assessment of bioethanol production from Sri Kanji 1 cassava.
Therefore, through this study Cassava Fuel Ethanol (CFE) was evaluated to realize if it could serve as a feasible and practical alternative energy carrier. To produce CFE, cassava ethanol with a purity of more than 99.5% is blend with gasoline at 10% volume (E10). Cassava ethanol have to fulfil two criteria in order to serve as a suitable substitute for the existing conventional gasoline, namely positive NEB with regards to both production and use as well as reduced GHG emissions (Nguyen et al., 2007) . In line with that, the objectives of the present study were to evaluate the energy balance and renewability of CFE in Malaysia based on the LCA approach, and to estimate the GHG emissions of CFE in Malaysia. Moreover, a sensitivity analysis was also conducted to determine the critical potentials for further improvements.
Methodology
The efficiency of a given bioethanol system is determined through the differences between the bioethanol energy content and the fossil fuels consumed in the production process. Energy required for growing cassava is mostly from infinite solar energy, therefore, it was exempted in the NEB assessment. In this study, LCA was used to estimate the environmental performance of CFE according to the framework described by the International Organization for Standardization (ISO) consisting of four steps: (1) study goal and scope definition; (2) environmental loads identification and quantification; (3) loads potential environmental impacts evaluation; and (4) available options to reduce environmental impact assessment (Guinee et al., 2002; ISO 14040, 2006) . The analysis included cassava cultivation, transportation, as well as ethanol production up to distribution.
CFE life cycle: system boundary and data sources
The CFE system boundary determines the system interrelation with the environment based on the input and output energy. CFE system includes cassava farming, ethanol production and transportation. Cassava cultivation sector represents all steps involved in cassava farming which includes land preparation, planting, crop maintenance (fertilization, weed control) and harvesting. The data required were obtained from the Ministry of Agriculture and Agro-based Industry Malaysia (MOA) and MARDI (Cassava Farming Package, 2012; MARDI, Malaysia Agriculture Research and Development Institute). The Sri Kanji 1 cassava variety is generally harvested 12 months after planting which is usually done manually. The raw data concerning Sri Kanji 1 cassava cultivation per hectare are tabulated in Table 1 .
The source of organic fertilizer presented in Table 1 was completely decomposed animal manure. Organic fertilizer was applied one week before the stem plantation, while NPK fertilizers were applied three weeks after plantation (Cassava Farming Package, 2012).
Due to the unavailability of an actual ethanol plant in Malaysia, the energy consumption for ethanol production process was adapted from the literature (Nguyen et al., 2007) . The production of ethanol from raw cassava includes raw material preparation (milling and mixing), ethanol production, distillation, and dehydration.
Different transportation facilities were considered to transport all input and output materials of the CFE system by taking into account different transport distances. Due to the unavailability of relevant information Kanji 1 cassava in Malaysia. Biofuel Research Journal 13 (2017) 537-544. 10 .18331/BRJ2017.4.1.3
. regarding transportation, the values were estimated based on types of vehicles and travel distances. 
CFE feasibility study
The data for CFE assessment such as details associated with fertilizers, herbicides, labor, etc. were obtained from the MOA (Cassava Farming Package, 2012). Energy values for transportation sector were estimated, and for ethanol production process were adapted from the study conducted by 
Primary energy input estimation
In LCA, the assessment of energy balance is conducted by accounting the primary energy values, which is are the accumulation of fuel energy content and fuel-cycle energy consumption. The energy content in the fuel consumed by the CFE system was acquired from the Malaysia Energy Commission (National energy balance, 2012). The fuel primary energy values were estimated from the input efficiency coefficient of fossil-based fuel from the Institute of Food and Agricultural Sciences (IFAS, 1991).
In Malaysia, most of the fertilizers are domestically manufactured. The energy required for production of fertilizers and herbicides was adapted from Helsel (1992) and Audsley et al. (2009) , respectively. The energy requirements included those of the manufacturing, packaging, marketing, transportation, and distribution activities. The energy requirements for fertilizer and herbicide production used in cassava cultivation are presented in Table 2 and Table 3 , respectively. Table 2 . Energy requirements to produce, pack, transport, and use inorganic fertilizer (Helsel, 1992 (Odum, 1983 ). The energy equivalent of human labor was estimated by taking into account labor Table 4 . The location of the fertilizer manufacturer was considered in the northern region of the country, i.e., Kedah while most of the cassava cultivations are located in Selangor. Therefore, the average distance from the cultivation field to the fertilizer manufacturer was estimated at about 300 km. Ethanol plants are usually located at the industrial site, which are on average about 100 km away from the agricultural areas. Table 5 . Direct materials and energy contribution in the CFE production. A summary of direct energy input and other materials associated with energy calculations in the CFE system is shown in Table 5 . Direct material and energy flows associated with the CFE system are presented in Figure 1 .
Item

1) 1) Cassava cultivation
The inputs in cassava cultivation were based on the data obtained from MOA and MARDI (NurulNahar and Tan, 2012; Cassava Farming Package, 2012). The inputs for ethanol production process were adapted from the neighbour country, i.e., Thailand, where ethanol is produced at commercial scale (Nguyen et al., 2007) . Lastly, the inputs for the transportation sector were obtained by estimating distances between the cultivation areas and the ethanol plant, as well as the fertilizer manufacturer.
In the ethanol production process, raw materials were first reduced in size or ground to increase the specific surface area for enhanced reaction of water and enzymes with starch materials. The ground feedstock then underwent liquefaction and saccharification processes through which starchy materials were trasformed into fermentable sugars using alfa-amylase and glucoamylase (Nguyen et al., 2007) . Yeast was then added to the slurry and 15% ethanol, carbon dioxide, and slid wastes (including raw materials and yeast cells) were produced (Sorapipatanaa and Yoosina, 2011). After the ethanol fermentation stopped, the fermented mash was transferred into a multi-column distillation system to heat up and separate the ethanol produced. The product stream leaving the distillation column contained about 95% ethanol by volume and the bottom stream included the stillage, containing nonfermentable solids and water (Wang et al., 2016 ). The hydrous ethanol was then transferred into a molecular sieve system for further purification. Eventually anhydrous ethanol with a purity of higher than 99% by volume was produced (Sorapipatanaa and Yoosina, 2011).
Energy analysis
NEB is the best criterion to evaluate energy savings potential of a given system (Henke et al., 2005) . For NEB analysis, the fossil energy contribution for the production of bioethanol and conventional gasoline should be taken into account. Moreover, bioethanol and conventional gasoline substitution ratio needs to be specified. Henke et al. (2005) used an ethanol and conventional gasoline substitution ratio of 0.65 based on the energy content of both fuels. However, it should be noted that although . bioethanol has less energy content per L compared with and conventional gasoline, it has a higher octane number allowing greater compression ratios and hence, more efficient thermodynamic operation in ICEs could be expected. Therefore, an appropriate substitution ratio should be based on fuel economy and not on the energy content. The substitution ratio for ethanol and conventional gasoline (in E10) in terms of fuel economy is 1:0.89 (Nguyen and Gheewala, 2008) . According to the above-mentioned assumptions, the derived reference value of 34.4 MJ/L was calculated for the CFE blend. This value was used to compare the amount of fossil energy inputs in the CFE production cycle
To better describe the efficiency of cassava ethanol, the Net Energy Ratio (NER) was determined as follows :
GHG balance
GHG emissions in this study were evaluated in terms of CO 2 equivalent which describes the amount of global warming by using the functionally equivalent concentration of CO 2 as the reference. The CO 2 equivalent emissions were calculated by multiplying the amount of inputs consumed to produce 1 L of ethanol by the respective emission factor (EF).
GHG emissions from the fossil fuel consumed
In cassava cultivation process, the GHG emissions are mostly contributed by the crop maintenance via application of fertilizers and herbicides. The emission factors for the production of fertilizers and herbicides were taken from Biograce (2011) to estimate the GHG emissions of cassava cultivation. For ethanol production process, the GHG emissions were adapted from the study conducted by Nguyen and Gheewala (2008) .
Evaluating man-power using LSSE technique resulted in GHG emissions caused by the fossil energy consumed to support labor energy. The product of fossil energy consumed with the ratio of net domestic GHG emissions to net fossil fuel consumption was used to estimate GHG emissions caused by the man-power used (Malaysia Energy Commission., 2011; Sarkar et al., 2013). The emission from the transportation sector was estimated by multiplying diesel consumption by the EF provided by the International Sustainability and Carbon Certification (ISCC) (ISCC, 2011).
Emissions reduction
The total emissions reduction when ethanol was used as alternative for conventional gasoline was estimated by using a substitution ratio of 0.89. The CO 2 produced by conventional gasoline was estimated using GREET 1.7 (Wang, 2006 ). The differences in CH 4 and N 2 O emissions of the vehicles fuelled with E10 were net zero. Therefore, only CH 4 and N 2 O production from raw material cultivation and ethanol production process were considered in GHG reduction evaluation. Net avoided emission can be represented as shown 
Sensitivity analysis
Sensitivity analysis was used to forecast the outcome of a selection that is different from the primary estimation. In better words, sensitivity analysis is an investigation to reveal the dissimilarity of the anticipated results with the primary assumption on which the forecast was based. Sensitivity analysis also provides estimations on uncertainties, for example, changes in raw material cost, which can influence the feasibility of a given project. Investigated elements were raw material cost, discount percentage, introductory capital cost, and operation cost.
Results and Discussion
Energy analysis
Energy analysis calculations were performed by applying substitution ratio based on fuel economy rather than energy content. With substitution ratio of 0.89 as mentioned earlier, the reference value used for ethanol substitution was 34.4 MJ/L. The results obtained on the CFE production in Malaysia are presented in Table 6 . The positive NER of 3.94 indicated that bioethanol production from Sri Kanji 1 cassava was energy efficient. In better words, for every unit of energy used, about 4 times more energy output would be generated. Moreover, the production of 1L of CFE substituting for 0.89L of conventional gasoline would results in 25.68 MJ of energy savings or an equivalent of 0.67L of conventional gasoline. Table 6 . Energy balance of bioethanol production from Sri Kanji 1 cassava in Malaysia. To predict the outcome of the energy balance when the values of the studied parameters turn out to be different compared with the planned key predictions, a sensitivity analysis was done. Figure 2 illustrates the sensitivity analysis derived from the CFE system energy analysis. In fact, the sensitivity analysis was used to solely investigate the impact of several factors on the NEB namely; energy consumption of bioethanol production process, farm energy inputs, transportation energy consumption, and cassava yield.
As shown in Figure 2 , a 10% rise in energy consumption during the ethanol production process was estimated to result in 7.66% reduction in NEB. On the contrary, NBE is increased by 1.3 MJ/L when energy consumption during ethanol production process is reduced by 10%. Though the magnitude of energy saving is small, when total amount of CFE production (assumed to be 1 ML/d) was accounted, its effects on energy savings would be significant. The growth in the energy consumption in the transportation stage would result in a 0.61% reduction in NEB and vice versa. Meanwhile, 10% rise in the energy used in the cultivation stage reduced the energy balance by 2%, or 0.34 MJ/L, and vice versa. The contributions of the above-mentioned stages considering the total energy used in the CFE production is not significant compared with the cassava yield which had the most significant effect on NEB. More specifically, a 10% increase in cassava yield would lead to 10.27% increase in NEB, Eq. 1 ( ). . equivalent to 1.74 MJ/L of energy savings, and vice versa. Overall, in the CFE production process, ethanol production energy consumption and cassava yield were found as the most important stages. Therefore, improvements should be targeted to increase the ethanol production efficiency as well as to implement cassava cultivation practices to increase crops yield. 
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GHG emission reduction
The GHG balance of the CFE system shown in Table 7 indicates that CFE production and distribution in Malaysia as a substitute for conventional gasoline, could result in significant GHG emissions reductions. More specifically, the production and distribution of 1 L CFE could reduce 1.9 kg of CO 2 eq emission and prevent total emissions by 73.5%. Table 7 presents the fraction of GHG production by stage. As predicted, ethanol production process produced the highest GHG emissions, i.e., 72.09 % of the total life cycle GHG emissions. This was consistent with the NEB analysis, and was due to the high consumption of fossil fuels. The other stages, i.e., cassava cultivation and transportation both contributed 12.9% of the total GHG emissions. Moreover, the GHG emissions related to the fossil energy consumption to support human labor accounted for almost 62% of total emissions related to cassava cultivation process. This was ascribed to the fact that most of the farming activities were performed manually.
Comparison of energy balance and GHG emission
Comparison of energy balance and GHG emissions for different bioethanol feedstocks and country are presented in Table 8 . In summary, sugar cane's ethanol in Brazil was found to be most favourable in terms of energy and environment, with NEB of 33.4 MJ/L and 90.9 % emission reduction (Macedo et al., 2004 ). It was then followed by Sri Kanji 1 cassava in Malaysia with NEB and emission reduction of 25.7 MJ/L and 73.5 %, respectively. Based on the results obtained herein, bioethanol production from Sri Kanji 1 cassava in Malaysia resulted in higher energy and GHG savings compared with cassava bioethanol produced in China (Nguyen et al., 2007) and Thailand (Dai et al., 2006) , and corn bioethanol in the USA (Shapouri et al., 2004) . These differences are due to the high root yield of Sri Kanji 1 of about 92.9 t/ha, which is much higher than the normal cassava variety with the highest reported root yield of below 30 t/ha. 
Conclusions
Through this study, bioethanol production from Sri Kanji 1 in Malaysia was found to be energy efficient with a positive NEB value of 25.68 MJ/L. More specifically, if CFE is implemented in Malaysia with a production capacity of 1 ML/yr, it could save about 240 ML of conventional gasoline annually. In terms of the environmental impacts, CFE could play a great role in reducing GHG emissions by more than 73% compared with conventional gasoline. Overall, based on the results of this study, it could be concluded that the implementation of bioethanol production from Sri Kanji 1 cassava in Malaysia would be feasible in terms of both energy efficiency and environmental benignity. (MOHE) with a reference number FRGS/1/2015/TK07/UNITEN/01/1. 
